Some of the factors governing the development of edema in the lungs are understood in broad terms. These factors are considered to be no different from those operative in the systemic vessels-increased hydrostatic pressure, decreased oncotic pressure, excessive permeability of the vessels, and decreased lymphatic drainage. Little specific quantitative information is available relative to the pulmonary vasculature. Thus, although drainage from the lung by way of the lymphatics has been shown to increase during the development of pulmonary congestion and edema,' a study of the role of the lymphatics in the pathogenesis of edema has not been adequately approached. Anoxia is said to increase the permeability of the capillaries in the periphery, but its effect on those of the lungs is not known. It must also be remembered that other than capillary vessels participate in the exudative process; the role of the venules has recently been emphasized." In the lung the protein osmotic pressure normally exceeds capillary hydrostatic pressure by a considerable margin, the opposite of the condition in the arterial ends of systemic capillaries. Thus it is possible to introduce large quantities of water via the trachea with very rapid absorption. Still adumbrated as are these various factors, it has become plain that they are interrelated and that pulmonary edema in no instance depends upon a single pathogenetic mechanism. For example, the very formation of the edema fluid involves some leakage of protein into the extravascular compartment. Also, as the alveoli become filled with exudate, an increasing barrier is interposed between the walls of the vessels and the oxygen of the atmosphere.
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The complexities of these interrelationships became apparent in a study of the effects of increased intracranial pressure on the lesser circulation.' During these experiments, considerable quantities of saline fluid were introduced into the blood stream over a period of several hours, directly or via the subdural or subarachnoid space. The present observations are thus partly in the nature of a control study.
Previous studies of the effects of infusions of fluid have been variously interpreted. In part, contradictory statements have resulted from lack of uniformity in method, especially in regard to quantitative factors. The interpretations also vary depending upon the criteria employed for pulmonary edema; especially lamentable is the use of gross inspection as the sole criterion by some observers. Those reports where there is no knowledge of intravascular pressures, especially in the pulmonary capillaries, can be considered incomplete. Early work has been well reviewed by Warthen.1 ' Wiggers" has stated that he has introduced as much as 15 liters of saline into a medium-sized dog during the course of three hours without signs of the development of pulmonary edema; "if, however, pulmonary pressures are increased still farther by means of epinephrine, edema readily supervenes." Warthen's'7 study was concerned with effects on electrolytes and erythrocyte fragility, but he did report, on the basis of gross inspection alone, the development of pulmonary edema in a dog receiving 3,700 cc. of dextrose and Ringer's solution within a 35-minute period. This represented an inflow rate of 672 cc./kg./hour. At post-mortem examination, thin fluid was found in the peritoneal cavity, but there was no free fluid within the pleura or pericardial sac.
Yeomans, Porter, and Swank' infused dogs under alpha-chloralose anesthesia at a rate of 150 to 300 cc./kg./hour over short intervals of time. The pulmonary venous pressure measured in one experiment rose to 440 mm. of water: this rise was more rapid and to a higher level than that in the peripheral veins. Rales were not heard in the lungs even at this high level. Under the same circumstances portal venous pressure also exceeded systemic venous pressure. The heart size was increased during the infusion. Cardiac output and oxygen consumption also were elevated. The serum proteins were reduced almost to half at rates of infusion ranging between 55 and 70 cc./minute.
Opdyke68 and his co-workers, in recording simultaneously the pressures in the right and left atria, found that not only was the pressure usually higher normally on the left side in the open-chested dog, but they were also able to confirm Yeomans, Porter, and Swank's isolated observation that there was a relatively greater rise in the pressure within the left atrium when saline was introduced into the femoral vein. The fluid was introduced at a rate of 50 to 75 cc. a minute, and in a total volume varying between 200 and 500 cc.
Jenkins and his co-workers,10 following the usage of Fegler and Banister' employed the term congestive atelectasis to describe a condition of dilatation of the capillaries with encroachment upon, or obliteration of the alveolar spaces. This they observed at certain high rates of infusion. In a preliminary statement, they remarked that congestion and "stiffness" of the lung could develop while the left atrial pressure was falling. In some of their recorded experiments, the left atrial pressure was, however, found to rise more steeply than that in the right atrium.
An increased mortality over controls was demonstrated by Gibbon and Gibbon' when large infusions of plasma were given to cats after surgical removal of between two-thirds and three-fourths of the pulmonary substance.
In man, Gilligan, Altschule, and Volk,7 and Altschule and Gilligan1 found an appreciable increase in blood volume, but very little increase in venous pressure when the rate of infusion of saline was less than 20 cc./minute and the total volume was between 500 and 1,500 cc. When the rate of infusion was larger than the stated figure, venous pressure was significantly increased. Venous pressure returned to control levels within 10 to 25 minutes after interrupting the infusion.
Doyle and his co-workers' injected saline solutions into human subjects at rates of from 77 to 146 cc./minute, and in amounts of 950 to 1,000 cc. In each of 12 persons, the pulmonary arterial pressure increased continuously during the injection, and there was a rise in the "pulmonary capillary pressure," measured by the method of Dexter (considered as perhaps the same as the left atrial pressure), proportional to that observed in the pulmonary artery. The hematocrit fell on an average of 13% and there was an increase in the total blood volume of 14%. Cardiac output increased in half of the subjects, but not in the others. With the infusion of one liter of saline solution, there was no evidence of a disproportionately large rise in the pulmonary vascular pressures. It was suggested "that the changes introduced by rapid infusion can be explained most adequately on the basis of an abrupt, but not disproportionate increase in the amount of blood contained in the relatively indistensible pulmonary circuit."
In the present studies, saline solutions were injected into dogs at controlled rates over periods approximating five hours. Infusion rates were slower than in most previous experiments with canine subjects, but they were continued for longer periods of time. Thus they were somewhat closer to the conditions, albeit extreme, that might be expected in medical practice. Moreover, the thorax was intact, and the animals were not in an immediately postoperative state. Observations were made in several parametersthe pressure in the pulmonary capillaries, the total fluid retained in the intravascular compartment and elsewhere, and the urinary output. Furthermore, an attempt was made to employ objective criteria of pulmonary congestion and edema.
METHODS
Mongrel dogs between 7.7 and 21.3 kg. in weight were prepared with plastic needle guides8 affixed surgically to the pulmonary artery and left atrium at least one week prior to the experiment. On the day of the experiment alpha-chloralose was administered intravenously, 25 mg./kg. body weight, supplemented with occasional small doses of sodium pentobarbitol when needed. Polyethylene catheters were introduced into the femoral vein, and through the femoral artery into the thoracic aorta. Their patency was maintained by filling them with heparin solution. Needles were inserted through the guides into the pulmonary artery and left atrium, and 0.9%o saline at pH 7.0 and Tyrode's solution at pH 7.5 were introduced by gravity in equal volume at a rate regulated to give the calculated dose of fluid for any particular dog over a period approximating five hours. Through these taps, vascular pressures in the aorta (Ap), femoral vein (FVp), pulmonary artery (PAp), and left atrium (LAp) were recorded photokymographically every half hour during the course of the experiment with a bank of Hamilton manometers. This mixture of saline solutions was employed since it corresponded approximately to the fluids used in the cerebral compression experiments previously reported.
The procedure of introducing fluid at an equal rate into the pulmonary artery and left atrium was also as in this earlier work. Although the pressure recordings were made simply by switching the needle guides from the infusion jars to the manometers, there was no sag in the pressures during the 30 or more seconds of recording to indicate any striking displacement from equilibrium consequent to this technique. The pressures actually did not deviate strikingly *from pre-infusion levels in Dog 3, an animal receiving the maximum quantity 23.1 cc. per minute, into each of the two ports. The bladder was catheterized so that the output of urine could be measured each half hour and its specific gravity noted. The hematocrit was followed, and in most instances this was supplemented at intervals by the determination of the carbon monoxide capacity of the blood by the method of Van Slyke and Hiller. In some dogs the oxygen content of the femoral arterial blood was measured early and late in the experiment. The scheme of grading the presence and degree of "pulmonary edema" was, according to the ratio of lung weight to body weight, as in our previous report,9 where the deficiencies and advantages of this and other methods have been discussed: It is necessary to attempt a correlation of these observations, as well as of the degree of hemodilution, with the lung weight-body weight ratios Moderate, or severe pulmonary edema (4 dogs)
As is to be expected, the more fluid administered and the more retained, the greater was the tendency toward the development of pulmonary edema, but these relationships were again inconstant, as is obvious from Table 1 where the data have been arranged in order of amount of fluid retained per kilogram of body weight. The trends are indicated in Table 2 , and have been charted on the basis of a total infusion time of five hours in Figures  1-3 . It is apparent that the animals with the heaviest lungs at necropsy (Group III) also had, on the average, the lowest urinary excretion. This does not imply, of course, that a large intake necessarily determines a low In all groups, changes in the hematocrit took place more rapidly at first, the greatest drop occurring in the first half hour after the beginning of the infusion, and continuing but very slowly thereafter. The greatest mean fall took place in the Group III animals, although in one dog (Table 1, #10) , there was a late rise. Loss of fluid from the vessels was possibly abetted by anoxia as indicated by a large late fall in arterial oxygen saturation in this animal. The carbon monoxide capacity of the blood followed the same trend as the hematocrit (Table 3 , and Figs. 1-3) . It was apparent at post-mortem examination that most of the fluid was stored in the tissues, especially the peritoneal cavity, and to some extent in the subcutaneous tissues. There was relatively little fluid in the pleural or pericardial cavities.
In the figures, fluid input and retention are charted as straight lines. Inspection of the actual fractional output data reveals that after the first hour during which it was relatively low, the urine output remained at an almost constant increased level.
One striking finding in animals whose lung weight exceeded 1.6% of the body weight (the criterion for moderate or severe edema) was the steep rise of mean left atrial pressure. It reached levels in excess of 20 cm. of water after the infusion had been proceeding for 3y2 hours, to attain a mean level of 27.5 cm. of water at the fifth hour. Even here there were some exceptions, for in one animal the mean atrial pressure at no time exceeded The upward slope of the femoral venous pressure curve was less steep than that of the left atrial pressure and the absolute levels at the end of the five-hour period were much lower, yet, ascites, and in some animals subcutaneous edema, were striking even without evidence of pulmonary edema. This is indicative of the great importance of a fall in oncotic pressure in the peripheral capillaries, where the hydrostatic pressure is normally higher than in the pulmonary capillaries. The pulmonary arterial pressure followed the trend of the left atrial pressure. There was in each instance a rise, but the slope of the upward curve was again less steep than that of the left atrial pressures. In Dog #10 (Table 1 ) the control pressures in the left atrium and pulmonary artery were respectively -2 and 24/10 cm. water, and at the end of five hours, when pulmonary edema was clinically obvious, the left atrial pres-VO Fig. 1 . Except for greater input and retention of fluid, the data do not deviate markedly from those recorded in Fig. 1. sure was 48 cm. of water and the pulmonary arterial pressure was 76/16 cm. of water (mean -63 cm.).
Even in animals receiving the largest infusions, there was a drop in aortic diastolic pressure, sometimes in excess of 25 mm. of mercury. The systolic pressures usually changed only slightly. Pulse pressures generally were elevated. After the first hour, all pressures tended to remain relatively constant to the end of the experiment. The observations suggest dilatation of the systemic arteriolar bed, but may be explained also on the basis of decreased viscosity of the blood consequent to hemodilution. 15 minutes. In the present experiments, hemodilution also played an important role.
The factors that contribute to the elevation of pulmonary capillary pressure are a high retention of fluid, especially in the intravascular compartment, associated not only with a high rate of infusion, but also with a low excretion rate. One of the most important questions is the mechanism responsible for the relatively low urinary excretion in some animals. No ready answer is available from the data at hand. None of the animals in Group III could be considered in shock until the very termination of the experiment, with one possible exception. Even in this instance the aortic blood pressure had changed from 198/125 at the start to 140/70 at the fifth hour, possibly a "relative" shock level (Dog #1).
It may be asked whether the "pulmonary edema" in the animals of Group III is reversible. It was indeed necessary to sacrifice three of these animals at the end of the fifth hour, and only one (Dog # 10) died spontaneously in pulmonary edema. The lung weight/body weight ratio in this animal was the highest of any (3.54%o).
The presence of large quantities of ascitic fluid in some of the animals is of interest. Some animals with large amounts of ascitic fluid had normal lung weight/body weight ratios. Ascitic fluid was found in large quantities, in the absence of obvious subcutaneous edema or pleural or pericardial fluid. This is of interest since Yeomans and his co-workers'9 have demonstrated that portal venous pressure, like the pulmonary venous pressure, rises more steeply than the systemic venous pressure when large infusions are introduced intravenously.
The observed steeper rise of the pulmonary venous pressure in contrast with the systemic venous pressure confirms in a larger series under conditions of slower infusion, over longer intervals of time, and in animals with closed thorax, some observations of other workers and is indicative of a higher volume elasticity coefficient of the segment left atrium-pulmonary veins in comparison with the systemic venous bed, as suggested by Opdyke" and his group. When this limit of distensibility is approached, any increase in the burden of the heart such as would produce even a slight retention of blood in the left atrium, will result in a very steep rise in the pressure within this chamber and its venous tributaries, as Sarnoff"'6 and his associates have emphasized. Thus, when the intracranial pressure is elevated at an appropriate rate, it is a conspiracy of an induced peripheral resistance and of factors tending to distend the atrium that disposes to pulmonary congestion and edema."9 This tendency will be augmented by any factor, such as an excess of infused fluids, tending to increase either of the contributing elements.
SUMMARY
When large quantities of saline fluids are administered to dogs over a five-hour period, pulmonary edema (as measured arbitrarily by the lung weight/body weight ratio) tends to develop in those animals that have the highest intake of fluid, lowest urinary output (concomitantly greatest reten-Massive intravenous infusions I HARRISON, LIEBOW tion), and highest ultimate blood volume, but many exceptions exist. The mechanisms responsible for these variations in excretion are not apparent from available data. One factor of significance in animals that develop pulmonary edema is the high pulmonary venous pressure that ultimately comes to exist at levels in excess of 20 cm. of water. The rise in pulmonary venous pressure is relatively rapid in comparison with that which occurs concomitantly in the systemic veins, confirming previous suggestions of a relative indistensibility of the pulmonary venous-left atrial segment. The rise in blood volume occurs quickly at first, but then tends to change only slightly despite the rapid infusion of large quantities of saline fluids. Thus the retained fluid finds its way into tissue spaces and especially into the peritoneal cavity, but only to a slight extent into the pleural cavities and pericardial sac.
